Abstract This study is part of the Global Mercury Observation System (GMOS), a European FP7 project dedicated to the improvement and validation of mercury models to assist in establishing a global monitoring network and to support political decisions. One key question about the global mercury cycle is the efficiency of its removal out of the atmosphere into other environmental compartments. So far, the evaluation of modeled wet deposition of mercury was difficult because of a lack of long-term measurements of oxidized and elemental mercury. The oxidized mercury species gaseous oxidized mercury (GOM) and particle-bound mercury (PBM) which are found in the atmosphere in typical concentrations of a few to a few tens pg/m 3 are the relevant components for the wet deposition of mercury. In this study, the first European long-term dataset of speciated mercury taken at Waldhof/Germany was used to evaluate deposition fields modeled with the chemistry transport model (CTM) Community Multiscale Air Quality (CMAQ) and to analyze the influence of the governing parameters. The influence of the parameters precipitation and atmospheric concentration was evaluated using different input datasets for a variety of CMAQ simulations for the year 2009. It was found that on the basis of daily and weekly measurement data, the bias of modeled depositions could be explained by the bias of precipitation fields and atmospheric concentrations of GOM and PBM. A correction of the modeled wet deposition using observed daily precipitation increased the correlation, on average, from 0.17 to 0.78. An additional correction based on the daily average GOM and PBM concentration lead to a 50 % decrease of the model error for all CMAQ scenarios. Monthly deposition measurements were found to have a too low temporal resolution to adequately analyze model deficiencies in wet deposition processes due to the nonlinear nature of the scavenging process. Moreover, the general overestimation of atmospheric GOM by the CTM in combination with an underestimation of low precipitation events in the meteorological models lead to a good agreement of total annual wet deposition besides the large error in weekly deposition estimates. Moreover, it was found that the current speciation profiles for GOM emissions are the main factor for the overestimation of atmospheric GOM concentrations and might need to be revised in the future. The assumption of zero emissions of GOM lead to an improvement of the mean normalized bias for three-hourly observations of atmospheric GOM from 9.7 to 0.5, Furthermore, the diurnal correlation between model and observation increased from 0.01 to 0.64. This is a strong indicator that GOM is not directly emitted from primary sources but is mainly created by oxidation of GEM.
Introduction
Mercury is a global pollutant that is known to have adverse effects on human health (UNEP 2002; 2013a) . Because of anthropogenic emissions from fossil fuel burning, the amount of mercury available in the environment is steadily increasing.
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Recent studies have shown that the atmospheric mercury burden has tripled since preindustrial times (UNEP United Nations Environment Programme 2008; Amos et al. 2012) .
Due to its severity, the problem of global mercury pollution is in the focus of several international conventions such as the UNEP mercury program (UNEP 2013b) and the UN-ECE Long-Range Transport of Atmospheric Pollution Convention-Task Force on Hemispheric Transport of Air pollution (HTAP) (ECE 2010) . Major scientific questions about atmospheric mercury are the oxidization processes of elemental mercury, global and regional transport patterns, and a better understanding of mercury emissions.
In the atmosphere, mercury exists in three forms: Gaseous Elemental Mercury (GEM), gaseous oxidized mercury (GOM), and particle-bound mercury (PBM). For the atmospheric longrange transport, GEM is the most important substance. This is due to the long lifetime of the species and the fact that it represents the largest fraction (99 %) of the total atmospheric mercury (Gay et al. 2013; Weigelt et al. 2013) . However, an extremely important question in order to understand the global mercury cycle is the deposition of mercury from the atmosphere. A recent study by Zhang et al. (2012b) found that between 50 and 70 % of the total mercury deposition is due to GOM and PBM, although these species make up only 1 % of the total gaseous mercury (TGM). GEM plays only a role for dry deposition and it needs to be considered that depending on the surface type about half of the deposited GEM is quickly reemitted into the atmosphere (Zhang et al 2012a) . On annual average, water bodies and soils can even release more GEM than is deposited, depending on deposition in the past (Bash 2010) . In Europe, for example, the Mediterranean, Baltic, and North Sea have been identified as large sources of GEM (Kuss and Schneider 2007; Strode et al. 2007; Zager et al. 2007) . Therefore, to quantify the input of mercury into different ecosystems it is very important that chemistry transport models (CTMs) are able to calculate the atmospheric concentration as well as the deposition of these species. However, due to the very low concentrations of GOM and PBM (1-100 pg/m 3 ) until recently no continuous measurements for these species were available. This lack of observational data is now being addressed by the Global Mercury Observation System (GMOS). The European FP7 project focuses on the improvement and validation of mercury models to assist establishing a global monitoring network and to support political decisions. Recently, Weigelt et al. (2013) published the first full-speciation long-term measurement series for atmospheric mercury in Europe.
Over the last decade, a variety of global CTMs were upgraded to model mercury in the atmosphere. Eventually, these efforts led to a large intercomparison study of atmospheric mercury models (Ryaboshapko et al. 2007a (Ryaboshapko et al. , 2007b as well as regional scale mercury model intercomparisons (Bullock et al. 2008) . These studies mainly focused on operational evaluations for the investigation of model uncertainties as well as diagnostic evaluations of model parameterizations. Concerning deposition, one result of these intercomparisons is that a comprehensive evaluation of atmospheric mercury models is hindered by the lack of observational data for speciated mercury (Bullock et al. 2009 ). Generally, the utilized CTMs were able to reproduce the observed annual mercury wet depositions (Baker and Bash 2012) . However, Zhang et al. (2012b) found that deposition patterns predicted by models, which indicated higher depositions near major sources, were not in agreement with observations.
In this study, which is part of the GMOS project, we used the mercury version of the Community Multiscale Air Quality (CMAQ) model to calculate mercury concentrations and depositions over Europe. CMAQ is a CTM that was originally developed by the US EPA to evaluate air pollution by ozone and particulate matter (PM) (Byun and Ching 1999) . In 2001, CMAQ was extended to simulate the atmospheric pathway of GEM, GOM, and PBM. Bullock and Brehme (2002) evaluated the performance of CMAQ-Hg by comparison of modeled and observed wet deposition fluxes in the eastern USA.
Using the newly available high-resolution measurements of GEM, GOM, PBM, and wet deposition for Europe, we analyze the capability of the CMAQ-Hg model to reproduce observations and determine the influence of different processes on model biases. It is of course impossible to evaluate a model for entire Europe using a single observation site. Nonetheless, the combined measurement of speciated mercury concentrations and mercury wet deposition allows to evaluate the deposition parameterization of the model and to analyze potential uncertainties in the CTM parameterizations and input datasets. The main focus of this diagnostic evaluation are the different sources for GOM and PBM in the model such as the primary emissions and the oxidation of GEM.
Methodology
For this study, atmospheric mercury concentrations and mercury depositions over Europe were investigated with an air quality modeling system. The year 2009 was chosen because of the availability of high-resolution mercury observations for this particular year (Weigelt et al. 2013) . To determine the influence of different parameters on the modeled mercury deposition, a diagnostic evaluation was performed (Dennis et al. 2010) . For this, the CTM was run using different input datasets based on different models and parameterizations. In the following, the models and datasets employed for this study are introduced.
Chemistry transport model (CMAQ-Hg) CMAQ-Hg was set up on a Lambert Conformal equal area domain over Europe with a resolution of 72×72 km 2 . The rather low resolution for a regional model was chosen in order to allow for several annual CTM runs to be performed. Moreover, the resolution is suitable for the available measurement data for speciated mercury, assuming average wind speeds below 10 m/s for the model domain and measurements, which have a temporal resolution of 3 h. In order to test the influence of the model resolution, a short episode was calculated on a domain with 24×24 km 2 grid size. On the vertical dimension, CMAQ-Hg was set up with 30 layers based on sigma pressure levels. The CMAQ version used for this study is the newest release version 5.0.1 compiled with the multi pollutant version of carbon-bond 5 photochemical mechanism with updated chlorine and toluene chemistry (cb05tump) with online photolysis and the aero6 aerosol module.
CMAQ-Hg includes five gas phase reactions for the oxidation of mercury with ozone (1), hydroxy radicals (2, 3), and chlorine (4, 5). Reactions with bromine are not considered by the CMAQ-Hg mercury mechanism. In the model, the dominant reaction over northern Europe is the oxidation by ozone (1). Generally, 50 % of the products are allocated to GOM and 50 % to PBM (Bullock and Brehme 2002) . This ratio is important because the effectiveness of deposition differs between these species. For the H 2 O 2 and Cl 2 reactions, GOM is the only product. The exact process of mercury oxidation, concerning both the oxidant and the product ratios, is still unknown and subject to scientific research. For this study, the standard CMAQ mercury mechanism was used, which is similar to mechanisms used by other global and regional models (e.g., ECHMERIT, GLEMOS) (Jung et al. 2009; Travnikov and Ilyin 2009) . To evaluate the influence of the chemical reactions, we tested a modified version of CMAQHg where all reactions produce GOM only. The assumption behind this modification is that the gas phase chemistry can only produce gaseous products and that particulate mercury is only formed after oxidation of GEM.
A basic CMAQ run without mercury chemistry has been evaluated concerning criteria pollutants (Bieser et al. 2011a) and particles (Matthias 2008) . This is of particular interest because of the importance of ozone for the oxidation of GEM (1) at Waldhof. A comparison with hourly ozone measurements at 40 EMEP stations has shown that 80 % of the simulated concentrations were within a factor of 2 of observations. Generally, CMAQ underestimated ozone depletion during night time leading to an average fractional bias of 0.3 (Bieser et al. 2011a ).
Emissions
The emission data for criteria pollutant precursors were created with the SMOKE for Europe (SMOKE-EU) emission model (Bieser et al. 2011a) which is based on the US EPA emission model SMOKE (Houyoux et al. 2000; UNC 2005) . The emission dataset includes anthropogenic and biogenic emissions of CO, NOx, SO 2 , NH3, VOC, PM 10 , and PM 2.5 . The VOC emissions were speciated according to the cb05 photochemical mechanism (Yarwood et al. 2005; Passant 2002 ). PM 2.5 emissions were speciated according to the areo6 CMAQ aerosol module using sectoral emission factors of the SPECIATE4.0 database. Finally, speciated mercury emissions from the Arctic Monitoring and Assessment Programme (AMAP) emission inventory were added to the dataset (Pacyna et al. 2006) . AMAP provides gridded annual total mercury emissions on a 0.5×0.5°global domain. These gridded annual total mercury emissions were temporally disaggregated with SMOKE-EU. The effective emission height of industrial mercury emissions from stacks was based on plume rise calculations (Bieser et al., 2011b) .
The partitioning of mercury emissions for power plants provided by AMAP suggests that 40 % of the total mercury is emitted as GOM, 10 % as PBM, and 50 % as GEM. As a result, a large amount of oxidized mercury is directly introduced into the model domain by emissions compared to the oxidization in the atmosphere by the chemistry mechanism as described in Eqs. (1) to (5). Recent airborne measurements inside the plume of a major coal-fired power plant have indicated that less than 1 % of the total mercury emissions are in the form of GOM (Weigelt, p.c.) . One reason for this could be the in-plume reduction of oxidized mercury (Lohman et al. 2006; Vijayaraghavan et al. 2008) . In order to evaluate the influence of primary mercury emissions, additional emission scenarios without any primary oxidized mercury emissions were created as input for CMAQ-Hg.
Meteorological fields
Mercury deposition depends strongly on the meteorological conditions, in particular on the precipitation fields. Two alternative sets of meteorological input fields were used. The first one was calculated with the COSMO-CLM (CCLM) meteorological model, which is the standard input for CMAQ-Hg at HZG . CCLM was run on a 0.22×0.22°d omain and driven with reanalysis data from National Centers for Environmental Prediction (NCEP). The exact model setup of CCLM is documented in Rockel and Geyer (2008) .
The second dataset was created with the Weather Research and Forecasting model (WRF) (Michalakes et al. 2004; Skamarock et al. 2008) . For this study, WRF was run using the Purdue-Lin microphysics processes and the MellorYamada-Janjic (MYJ) scheme for planetary boundary layer parameterization. The MYJ scheme describes vertical fluxes due to eddy transport while the horizontal eddy diffusivity is calculated with a Smagorinsky first-order closure. The surface layer parametrization employed was the Eta surface layer scheme whit Noah Land Surface Model. For longwave and shortwave radiations, we used respectively Rapid Radiative Transfer Model (RRTM) and Dudhia scheme, while for cumulus parametrization, we used the Kain-Fritsch scheme. Meteorological initial and boundary condition are obtained from the NCEP global final analysis from the Global Forecast System (grid resolution of 1°by 1°at six hourly intervals).
Boundary conditions
Boundary conditions for mercury and all criteria pollutant precursors were taken from the global CTM ECHMERIT (Jung et al. 2009 ) which is based on the fifth generation Atmospheric General Circulation Model ECHAM5 (Roeckner et al. 2003 (Roeckner et al. , 2006 . ECHMERIT includes a gas phase chemistry module derived from the CBM-Z mechanism (Zaveri et al. 1999) , and an aqueous phase chemistry module based on the MECCA model (Sander et al. 2005 ). In addition, ECHMERIT models four mercury species: elemental mercury (Hg0), gaseous oxidized Hg (HgII), oxidized Hg species associated with soluble aerosols (HgIIaq), and Hg associated with insoluble aerosol particles, HgP. The model horizontal resolution is a spectral T42 grid (approximately 2.8°by 2.8°), with a hybrid-sigma pressure system with 19 nonequidistant vertical levels up to 10 hPa. The model includes offline anthropogenic emissions from the POET emission inventory. This is an extension of EDGAR 3 emission dataset (Granier et al. 2005; Peters and Olivier 2003) that includes biogenic emissions from the GEIA inventories (http://www.geiacenter.org). Mercury emissions from oceans, forest fires, and from biogenic activities are mapped to the respective CO emissions from the POET inventory. The anthropogenic mercury emissions used are from the AMAP emission inventory (Pacyna et al. 2006 ). See Jung et al. 2009 (and De Simone 2014 for the full description of the model.
Moreover, an alternative set of boundary concentrations for mercury was taken from the Global EMEP Multi-media Modeling System (GLEMOS) (Travnikov and Ilyin 2009) . GLEMOS is a multi-scale simulation platform developed for assessment of environmental dispersion and cycling of different classes of pollutants including mercury. The base model grid on a global scale has horizontal resolution 1°×1°. In the vertical, the model domain covers the height up to 10 hPa and consists of 20 irregular terrain-following sigma layers. Atmospheric chemical scheme of the model includes redox reactions of mercury transformations both in gaseous phase and in aqueous phase of the cloud environment. Major atmospheric oxidants considered by the model include ozone, hydroxyl radical, as well as reactive halogens (Br and BrO) over the polar regions. The mercury concentrations from GLEMOS were used as default boundary conditions because GOM and PBM concentrations were lower than in the ECHMERIT run and led to better agreement with observations.
Observations
For the evaluation of the CTM results, observations from European measurement stations from the EMEP network are used (CCC 2013). In total, 24 rural stations measure wet deposition on a monthly basis and 14 measure atmospheric concentrations of mercury. However, only 18 deposition stations and 10 concentration stations with more than 75 % data availability were taken into account here (Table 1) . Observations of atmospheric mercury were only available for GEM at all stations except DE02. These measurements are based on the Tekran 2537 Instrument, which is the global standard for gaseous mercury detection. GEM measurements are performed on an hourly basis but usually reported as daily averages. Only at Waldhof (DE02), a station operated by the German Umwelt Bundesamt (UBA), quasi-simultaneous measurements of GEM, GOM, and PBM are performed. At Waldhof, a Tekran Instrument with a speciation unit collects GOM on a potassium chloride (KCl) treated denuder and PBM on a particle filter, over the duration of 150 min. During the collection time, GEM is measured and every 150 min the GEM measurement is stopped and GOM and PBM are measured (Weigelt et al. 2013) . This leads to an average of seven GOM and PBM observations per day.
At all EMEP stations, wet deposition is measured with wet only samplers. This has the advantage that the observed mercury deposition is not influenced by dry deposition. However, no wet and dry deposition samplers are operated that could yield information on the dry deposition. At most EMEP stations, the wet deposition is aggregated and measured once per month. Only at Waldhof, weekly wet deposition measurements are available. The measurements are performed according to the EMEP standard operation procedures (Aas 2006) , which are based on the ambient air quality standard method for the determination of mercury deposition (NEN-EN 15853, 2010) .
Results and discussion

Evaluation of atmospheric mercury concentrations
About 99 % of the total atmospheric mercury is in the form of GEM (Gay et al. 2013) . The background concentration of GEM in the northern hemisphere varies between 1.5 and 1.8 ng/m 3 (UNEP 2008). It has been shown in previous studies that global models are able to reproduce the global background concentrations of GEM within a range of ±15 % (Ryaboshapko et al. 2007b (Ryaboshapko et al. , 2007c Bullock et al. 2008) . For GOM and PBM however, models have been found to generally overestimate observations (Zhang et al. 2012b ). Recent studies indicate that the main driver for the overestimation of GOM is the current emission split assumed in the AMAP inventory (Zhang et al. 2012c; Kos et al. 2013 ). Because GEM is transported on a hemispheric scale, the concentrations in a regional model domain are dominated by the boundary conditions. Hence, in this study, no in-depth analysis of observed and modeled GEM concentrations was carried out. A comparison of CMAQ-Hg results with GEM measurements from EMEP stations for 2009 was in the range of previous studies. Generally, CMAQ-Hg underestimated the hourly GEM concentrations by 8.3 % in the CCLM and 7.5 % in the WRF run (Table 2 ). An investigation of hourly GEM measurements showed that the bias can mainly be explained by the fact that the model is not able to reproduce some pronounced GEM concentration peaks. Furthermore, in Spring, the global models have low GEM concentrations due to mercury depletion events over the Arctic Ocean. This leads to too low GEM concentrations in CMAQ-Hg during spring, because the reemission of deposited mercury from the ocean is currently not implemented into CMAQ-Hg. To determine the flux of mercury out of the atmosphere into marine and terrestrial ecosystems, the concentrations of the oxidized mercury species GOM and PBM, which have a much shorter lifetime than GEM, is of major concern. However, there are only few measurements of speciated mercury available. For the year 2009, only one station in Europe (Waldhof) observed GEM, GOM, and PBM continuously.
At Waldhof, CMAQ-Hg overestimated PBM by 84 % in the CCLM run and 120 % in the WRF run. For GOM, the model strongly overestimated the annual mean concentrations by a factor of 7 (CCLM) and a factor of 10.5 (WRF) (Fig. 1 ). In the model, 60 % of the total oxidized mercury (TOM) is PBM and 40 % GOM. In the observations, PBM makes up 86 % of TOM. This indicates that the split between GOM and PBM in the emission dataset needs to be adjusted as in the current model setup the primary emissions are the single largest source of GOM and no other source (i.e., gas-particle partitioning and oxidation of GEM) is large enough to explain this finding. As discussed in "Emissions," this assumption is backed up by recent aircraft-based measurements at a German coal-fired power plant (Weigelt, p.c.) . Also, in a recent study, Kos et al. (2013) observed large improvements in model performance, both for concentration and wet deposition, by reducing the amount of GOM emissions from power plants from 40 to 2 %. Moreover, the split of 50 % between GOM and PBM in the chemical mechanism for GEM oxidation might need to be revised (Amos et al. 2013) . This is in line with the findings of Calvert and Lindberg (2005) , who suggested that the oxidation is overestimated by the current reaction rates. Depending on the model setup, CMAQ-Hg overestimated TOM by a factor of 2 to 3 (Table 2) . However, the model is able to reproduce the variability of PBM. The higher bias for the variability of GOM can be explained by the fact that the measurements are very close to the detection limit of 0.4 pg/m 3 . In the analysis, all observed GOM concentrations below 0.4 pg/m 3 were set to the detection limit and thus GOM concentrations do not exhibit a normal distribution.
Statistics for a second set of alternative model runs without any GOM emissions and without any PBM production from oxidation are given in Table 2 "low GOM CCLM/WRF run". This model setup led to a better agreement with observed GOM and PBM concentrations at Waldhof. Furthermore, the model can now reproduce the diurnal cycle of GOM. GOM exhibits a strong diurnal cycle, which can be explained by the increased oxidation of GEM during day time (Weigelt et al. 2013) . The diurnal GOM cycle in the default CMAQ-Hg model run, however, was mainly influenced by primary emissions. PBM concentrations have no pronounced diurnal cycle both in the model and the observations. This leads to the fact that the diurnal correlation for PBM is strongly influenced by small hourly fluctuations. On a seasonal scale, PBM concentrations have an annual cycle which could be traced back to All values are based on hourly measurements of GEM and 3-hourly measurements of GOM and PBM. Units are ng/m 3 for GEM and pg/m 3 for GOM and PBM. The last two columns relate to an alternative CMAQ-Hg run with no GOM emissions and no chemical production of PBM. Statistical values shown are the mean normalized bias (MNB) and mean normalized error (MNE) based on hourly values as well as the correlation for the annual cycle (based on biweekly averages) and the diurnal cycle (based on 3-hourly values). The measurement of GOM and PBM is divided in 3 h of sampling and 1 h 25 min of analysis. Thus, there are roughly 5 measurements per day and about 77 measurements for each hour per year of observation Fig. 1 Hourly modeled (blue) concentrations compared to 2-h measurements (red) of atmospheric GOM and PBM at Waldhof for 2009 (Weigelt et al. 2013) . Model values shown are from the CMAQ-Hg default model run increased primary emissions from the combustion of fossil fuels in winter in combination with lower planetary boundary layer (PBL) heights. For GOM, the model as well as the observations show higher concentrations during summer. This can be explained by increased oxidation. However, also during winter, high GOM concentration episodes have been observed. These episodes are the main reason for the low intraannual correlation between model and observation. In the standard CMAQ-Hg runs, GOM and PBM concentrations are mostly dominated by the primary emissions. In these runs, the production of PBM by the oxidation mechanism leads to an overestimation of PBM concentrations during summer. For GOM, the boundary conditions had a strong influence on modeled concentrations only during summer. This indicates that in this period, oxidation of GEM over the Atlantic is overestimated in the global models. The GLEMOS model was chosen as source for boundary conditions, because it predicts lower GOM and PBM concentrations compared to other global models. Still, the oxidized mercury concentrations given by GLEMOS are considered too high and alternative global mercury concentration datasets led to even higher GOM and PBM concentrations over Europe.
Evaluation of modeled precipitation and its impact on deposition
Much more than for atmospheric concentrations, it is of high interest for dry and wet deposition whether the oxidized mercury fraction is dominated by GOM or PBM. GOM can also undergo significant dry deposition while PBM is almost exclusively wet deposited. This is due to the fact that PBM is mainly associated with particles with a diameter between 0.1 and 2.5 μm. These particles represent the highest volume concentration of atmospheric particulate matter. The overestimation of atmospheric PBM concentrations leads to the assumption that also the Hg concentration in rain water should be overestimated by the model. Whether the deposition flux is also overestimated is highly dependent on the quality of the precipitation fields created by the meteorological models. For this reason, CMAQ-Hg was run with two alternative sets of meteorological fields from two meteorological models. In a first approach, the calculated monthly precipitation values for 2009 were compared to reanalysis data (Haylock et al. 2008 ). This evaluation showed that CCLM generally gives very good results for central Europe. During most of the year, the absolute bias of monthly precipitation in this region is below 20 mm. However, during the summer months, CCLM calculates too low amounts of precipitation. This effect is especially pronounced in Eastern Europe. Moreover, CCLM strongly underestimates the precipitation on the Iberian peninsula during autumn with monthly biases up to −50 mm. Finally, in Norway and Sweden, CCLM exhibits a few spots with extremely large precipitation overestimations in spring. The precipitation fields generated with WRF have much higher annual precipitation over the whole domain. Similar to the CCLM run, WRF predicts too low precipitation over Eastern Europe and Russia during summer time and performs best over central Europe. Generally, WRF overestimates precipitation over the Iberian peninsula and Scandinavia with around 50 mm per month. The monthly precipitation bias for the two models are given in the supplementary material.
The main focus of this study is the deposition of mercury. Thus, only stations where the total precipitation is correctly represented in the meteorological fields are used for further analysis. Otherwise, it would be difficult to distinguish between an evaluation of the meteorological fields and an evaluation of the CTM. Figure 2 shows that for most stations, the models underestimate monthly precipitation. Generally, WRF predicts higher amounts of precipitation than CCLM and is in better agreement with monthly observations. Moreover, the models are generally biased to underestimate precipitation. The highest underestimation of precipitation is found for the mountain stations Schauinsland (DE03, altitude 1200 m) and Schmücke (DE08, altitude 937 m). Here, it can be assumed that the model is unable to reproduce convective or orographic precipitation because of the coarse model resolution. Moreover, the deviation from observations is largest for coastal areas with complex topography where both land and open ocean fall into a single model grid cell (GB13, NO01, SE14). However, the models perform surprisingly well at all other coastal measurement stations (DE01, SE11, GB91, NL91). The only station with an overestimation of annual total precipitation by both models are FI36 and SE14. Yet, the precipitation collected by the wet deposition container does not necessarily represent the actual precipitation at a station due to the sampling duration and days without sampling. For example, this is the reason why the precipitation at the station FI36 is strongly overestimated by the model. Hence, a direct comparison of observed and modeled precipitation based on the monthly measurements of precipitation collected by the deposition sampler is subject to additional methodological uncertainties. A comparison to independent continuous precipitation observations is much better suited to evaluate the meteorological model, but not to evaluate the deposition calculated by the CTM. This is due to the fact that the observed wet deposition is measured as a concentration in rain and needs to be transformed into a deposition flux based on the total precipitation per measurement. Additionally, because wet deposition is a nonlinear process, the actual amount of precipitation collected by the deposition sampler must be used for this purpose.
Finally, the long sampling periods impair the comparison of observed and modeled precipitation. The EMEP stations report only monthly precipitation and deposition values. Because most of the deposition occurs in the beginning of the precipitation event, two short events will lead to higher deposition fluxes than one long single event with the same amount of precipitation. The averaging over long time spans can conceal the structure of the precipitation events and thus possibly falsifies the evaluation of modeled precipitation. For example, one model can be better at predicting the monthly total precipitation but worse at predicting high-resolution precipitation patterns. At the EMEP station DE02 (Waldhof), weekly precipitation and deposition values from the deposition sampler as well as daily precipitation values from an independent sampling system could be obtained. This allows for a more detailed evaluation of the model at this particular point in the domain. Figure 3 depicts the observed and modeled precipitation as monthly, weekly, and daily averages. It can be seen that the agreement of monthly values does not necessarily represent similar daily precipitation patterns. Generally, WRF is better at reproducing large precipitation events, but often overestimates precipitation in dry periods. For the CCLM precipitation fields, it is exactly the other way around. To illustrate this, Fig. 4 gives the frequency distribution of daily precipitation amounts for both models as compared to the observations. CCLM is able to reproduce dry periods without precipitation but often fails to get larger precipitation events. For example, WRF predicts strong precipitation events in August, while CCLM is able to reproduce the dry conditions during August (Fig. 3) . In May, for example, the monthly precipitation is dominated by a strong precipitation event with 40 mm on 1 day and three medium events with 10 mm of rain. CCLM is able to roughly reproduce this pattern and thus is in good agreement with the monthly total precipitation. A similar picture is found for January where the monthly precipitation at Waldhof is dominated by a single rain event. This is reproduced by WRF but not by CCLM. In contrast, WRF is then unable to reproduce the dry situation during the rest of the month and thus overestimates the precipitation in January. As discussed above, wet deposition is a nonlinear process because the precipitation quickly scavenges the pollutants from the atmosphere. Thus, it is more important for the meteorological models to properly reproduce dry days and small precipitation events (Fig. 4) . While the underestimation of a large precipitation event has a much smaller influence on monthly deposition than on monthly precipitation.
Because of this, one result of the analysis of modeled monthly precipitation and deposition averages is that similar amounts of precipitation can lead to different deposition fluxes (e.g., ES08, GB48) and different amounts of precipitation can lead to similar deposition fluxes (e.g., GB13, NL91) (Fig. 2) . Again, this shows that only little information can be acquired from monthly average values. Looking at the high-resolution data for the Waldhof (DE02) station it is possible to analyze the relationship between precipitation and deposition. Figure 5 gives an excerpt of Fig. 3 for the months March through May. These months represent a wide variety of precipitation events. Moreover, they are used to illustrate the influence of the different meteorological fields on modeled mercury deposition.
In March, both models exhibit a very good agreement with the observations for monthly and weekly precipitation averages with a NMB between +7 % (CCLM) and +8 % (WRF) (Fig. 5) . However, this picture is not consistent with the daily precipitation patterns. In March, CCLM is able to reproduce a high precipitation event on the 22nd of March as well as a dry period between the 13th and the 20th of March. WRF, on the other hand, underestimates the high precipitation event but predicts precipitation during the dry period as well. These two errors, too much rain during the low precipitation period and too little rain during a pronounced precipitation event, cancel out when looking at monthly or even weekly precipitation averages. Because of the nonlinear nature of scavenging, the overestimation of precipitation during this period leads to much higher total monthly average depositions in the CMAQ-Hg WRF setup (+70 %) compared to the CCLM run.
During the first 3 weeks of April, no rainfall at all occurred at Waldhof. The observed deposition for this month occurred on the last 3 days. On average, both meteorological models predict even lower total precipitation for April. But instead of a single strong event at the end of the month, the models give tiny bits of precipitation throughout the month. Still, the modeled deposition for April is in good agreement with observations, which is the lowest monthly value at Waldhof in 2009. At last, a detailed analysis for May is carried out. This month is of interest because the WRF model manages to predict the total precipitation but overestimates the deposition by a factor of 4.5. Meanwhile, the CCLM CMAQ-Hg run is able to reproduce the deposition but CCLM missed 70 % of the precipitation in May. The daily precipitation measurements show that the rain column in May is dominated by a single precipitation event on the 20th which contributed 50 % of the monthly precipitation. CCLM has no precipitation at the 20th of May but manages to reproduce the precipitation pattern for the rest of the month. Together with the general overestimation of deposition due to too high GOM concentrations, the CCLM run has a relatively low deposition bias of +29 %. WRF can partially reproduce the high precipitation event on the 22nd. However, the meteorological model has too high precipitation during the second week of May which was very dry. In total, WRF is able to reproduce the total precipitation for May but leads to a large overestimation of wet deposition of +124 %. These findings illustrate the difficulty of an evaluation of modeled wet deposition because of competing effects of model errors in precipitation and atmospheric concentrations. Especially for the precipitation, observations with a high temporal resolution are needed in order to evaluate the quality of the meteorological fields used for the CTM run. Ideally, the duration and amount of precipitation for each rain event is recorded separately. 18 EMEP stations for the default and low GOM CMAQ-Hg runs (using ensemble values for CMAQ-Hg runs with CCLM and WRF meteorology). Most of the modeled annual wet depositions (78 % default runs, 89 % low GOM runs) are within a factor of 2 of the observed values. For monthly average values, this number is between 83 % (low GOM ensemble), 75 % (CCLM default), 75 % (WRF low GOM), 58 % (CCLM low GOM), 58 % (default ensemble), and 33 % (WRF default). The model performance is similar for most months, but poor for March and November. Furthermore, some deductions can be drawn from the structure of the bias. For the WRF runs, the low GOM CMAQ-Hg setup leads to a decreased bias, while for the CCLM runs, the bias increases. A more thorough analysis of this reveals that the default CCLM run produced correct wet depositions due to the interaction of different effects. On the on hand, CCLM has too low precipitation values and on the other hand, the default runs lead to too high GOM concentrations. These two biases cancel each other out. Looking at the ensemble model results for the two default and the two low GOM runs, one can see a significant decrease of bias and error for modeled monthly wet deposition values in the low GOM setup. The mean normalized bias (MNB) drops from 0.79 to 0.03 and the mean normalized error (MNE) decreases from 0.80 to 0.37. More importantly, in the low GOM run, the bias of modeled wet deposition and concentration in rain are now in better agreement with the precipitation bias with exception of two Swedish stations SE05 and SE14 (Fig. 6 ). This indicates that the modifications applied for the low GOM CMAQ-Hg runs improved the overall model performance. To further analyze the differences between the default and the low GOM CMAQ-Hg runs, the seasonal absolute values (Fig. 7) and the relative changes (Fig. 8) for different mercury species wet and dry deposition are investigated. First of all, it can be seen that for all species, the relative differences are higher in winter time than during summer (Fig. 8) . This is due to the lower influence of GEM dry deposition during winter (Fig. 7) . More importantly, the relative total deposition differences are nonlinear throughout the year. The main factor for the different deposition patterns in the two CTM scenarios is the strongly reduced dry and wet deposition of GOM. Speaking in absolute units, in most regions, the main factor is the reduced dry deposition of GOM in the low GOM CMAQ-Hg runs. The deposition of PBM, which is mainly due to wet deposition, exhibits a much smoother, more linear difference between the two model setups. These findings can be explained by the shift of the atmospheric GOM to PBM ratio in the model which leads to less deposition near major source areas and more long-range transport. Therefore, the improvement of model results seems directly linked to the decreased atmospheric concentration of GOM.
Evaluation of mercury deposition
However, so far, we only validated the improvement of modeled GOM concentrations for the surface layer. Because the wet deposition is dependent on the integrated air column concentration below the cloud top, it is also of interest to investigate the vertical structure of GOM and PBM. First of all, the area of interest needs to be determined. An analysis of model cloud top height revealed that 90 % of the precipitation takes place below 2,000 m and more than 80 % is inside the PBL. Therefore, the wet deposition of mercury is dominated by the GOM and PBM concentration inside the PBL. Unfortunately, the current measurement techniques do not allow for high-resolution vertical measurements of these species. The atmosphere inside the PBL is characterized by turbulent mixing and usually exhibits low concentration gradients. Vertical profiles of GEM, for example, show constant values inside and lower concentrations above the PBL (Swartzendruber et al. 2008) . Aircraft-based measurements of GOM in the USA have shown slightly higher concentrations above the PBL and large GOM peaks in high altitudes between 3,000 and 9,000 m (Sillman et al., 2007) . The slightly higher concentrations above the PBL can be explained by the increased radiation above the cloud layer which leads to a more oxidative environment. This GOM peak is also visible in the model results both of the default and low GOM runs. Moreover, it is mostly located above the cloud top. Because of the low particle volume concentration in the free troposphere, other than for GOM, a decrease of PBM is assumed above the PBL (Kvietkus 1995) . This confirms the assumption that the too high GOM concentration modeled inside the PBL due to the large GOM fraction in current emission inventories are the main factor for the overestimation of mercury concentrations in rain. Thus, an underestimation in precipitation generally leads to better agreement with observed wet deposition fluxes, which in turn benefits the CMAQ-Hg run using the CCLM meteorological fields.
Because of the better agreement with observations, we chose to plot absolute deposition results from the low GOM Fig. 7 CMAQ-Hg results for GEM dry deposition, TOM dry deposition, GOM wet deposition, PBM wet deposition, and total mercury deposition in μg/m 2 for summer (top) and winter (bottom). Dry deposition of GEM is set to zero over water bodies to include reemission from the ocean. Data is based on the low GOM CMAQ-Hg run using CCLM meteorological fields. The total modeled mercury deposition over Europe is 1-5 μg/m 2 in winter and 5-20 μg/m 2 in summer runs (Fig. 7) . It can be seen that in summer, dry deposition of GEM is the largest fraction of the total deposition, while the dry and wet deposition of GOM and PBM are more important during winter. Although, PBM concentrations in the atmosphere are higher than GOM concentrations by a factor of 7, the absolute wet deposition of both species is similar. Due to the small deposition velocity of the particles PBM is associated with, the dry deposition of PBM plays only a minor role. Thus, GOM is the more important specie for total deposition of oxidized mercury. However, in regions with high precipitation amounts and large mercury sources, the wet deposition of PBM can become the largest fraction. One region of particular interest is south of the Alps, especially the Po valley, where wet deposition in the model is much higher than dry deposition and the deposition of PBM is about twice as high as that of GEM. Finally, the wet deposition at the different EMEP stations was compared to the modeled dry deposition (Table 3) . At Waldhof, mercury deposition is split almost evenly into wet TOM deposition (30 %), dry TOM deposition (32 %), and dry deposition of GEM (38 %). For the 18 EMEP stations, at which mercury wet deposition was observed during 2009, the modeled ratio of dry to wet deposition lies in the range of 0.6 to 5.0. These values are in the range of ratios observed in the USA, which are in the range of 0.8 to 4.8 (Zhang et al. 2012a (Zhang et al. , 2012b . On average, the model results indicate that over Europe 33 % of the total mercury deposition is due to wet deposition, 35 % due to dry deposition of oxidized mercury, and 32 % due to dry deposition of GEM. The average dry to wet deposition ratio is 2.0.
Wet deposition sensitivity on input parameters
To determine the influence of input parameters on the modeled deposition of mercury, a sensitivity analysis has been performed. At first, the influence of the sampling rate of precipitation measurements was investigated. For monthly samples, a weak correlation between precipitation and deposition was found with R 2 =0.28 (CCLM), R 2 =0.30 (WRF) for modeled and R 2 =0.36 for observed values. The usage of weekly data already gives much better correlation coefficients with R 2 =0.52 (CCLM), R 2 =0.49 (WRF) for modeled and R 2 =0.59 for observed values. Deposition measurements are not available on a daily basis, thus no correlation can be calculated for higher sampling rates. Anyhow, due to the discrete structure of high-resolution precipitation measurements, it was not possible to find a correlation for these data.
As discussed in the previous section, similar averaged precipitation fields can lead to different deposition fluxes and vice versa. Thus, monthly average values seem to be an unreliable measure to evaluate modeled deposition fields. To better understand the influence of the different driving factors, Fig. 9 illustrates the relationship of precipitation, atmospheric concentration, and deposition. On the three-dimensional scatter plots, the bias between model and observation for these three values is given based on weekly measurements. The bias of the deposition is depicted in the third dimension using a color palette. The shaded area gives the range in which, assuming a linear relationship between the three input parameters, the combined bias of precipitation and concentration is below a factor of 2. The green dots, which illustrate a high Fig. 8 Relative difference [μg/μg] between the CMAQ-Hg default and low GOM runs for GEM dry deposition, TOM dry deposition, GOM wet deposition, PBM wet deposition, and total mercury deposition in μg/m agreement of modeled and observed wet deposition are mostly aligned along this shaded area. This supports the assumption of a quasi-linear relationship between precipitation, atmospheric concentration, and deposition. Moreover, this might be an explanation for the nonlinear relationship between precipitation bias and deposition bias found in earlier studies (Bullock et al. 2009 ) and illustrates the importance of speciated mercury measurements for model evaluation. Figure 9a , b shows results for CMAQ-Hg runs using the different meteorological models. Figure 9c , d depicts results from low GOM CMAQ-Hg runs in which the atmospheric concentrations of GOM and PBM were severely reduced by removing all primary emissions of GOM and without any PBM from the oxidation from GEM. Especially for the WRF run, which has higher precipitation levels, the reduction of atmospheric GOM and PBM leads to a better agreement of modeled and observed deposition fluxes (Fig. 9a, d ). In the CCLM-based CMAQ-Hg runs, the modeled annual mercury deposition at Waldhof (observation 4.6 μg/m 2 ) drops from 4.4 to 2.9 μg/m 2 . It drops from 10.9 to 6.4 μg/m 2 for the runs using WRF meteorological fields.
A correction based on the bias of weekly precipitation had a strong effect on the correlation between modeled and observed depositions (Table 4) . This adjustment method, however, increased both bias and error. This results are in accordance with the findings of Bullock et al. (2009) . Using the atmospheric concentrations of GOM and PBM to adjust the modeled weekly deposition had almost no effect on the correlation and only in the WRF run the bias improved considerably from −123 to −23 ng/L. When combining the two parameters (precipitation and atmospheric concentrations), the best results for adjusted modeled depositions were obtained for all statistical values (Table 4) . This further indicates the importance of speciated mercury measurements for the evaluation of deposition fields.
Conclusion
In the course of this paper, it has been shown that a regional application of the CTM CMAQ-Hg is capable to reproduce atmospheric concentrations and wet deposition fluxes of mercury for Europe. Concerning atmospheric concentrations, the model was able to reproduce the background concentration of GEM and PBM. The GEM concentrations were slightly underestimated (−8 %) by the model; results are inside the range of previous model exercises. Concerning PBM, the model could reproduce the annual concentrations within a factor of 2.
For the oxidized mercury species GOM and PBM, only a single station in Europe has performed continuous measurements for the year 2009. At the Waldhof station (DE02), which is an EMEP station operated by the German UBA atmospheric mercury concentrations are measured on a three-hourly basis and wet deposition is measured with a weekly sampling interval. A comparison of speciated mercury concentrations measured at Waldhof to similar stations in the USA show background values for GEM, PBM, and GOM in the same order of magnitude. However, the GOM All data is based on weekly values for 2009. The observed mean deposition for 2009 is 4.7 μg/m 2 . A correction of the modeled weekly wet depositions by means of the precipitation bias (observation/model) leads to a significant increase in correlation but also to increased bias and error. A correction using the bias of observed and modeled atmospheric TOM concentrations decreased the deposition bias and error. Generally, the combined correction with both values (combo) leads to the best agreement with observations for all model setups. The model setup with best performance is indicated by bold numbers concentrations at Waldhof are even lower than at other stations. The modeled PBM concentrations were too high but still mostly within a factor of 2 to observations. The model was able to reproduce a weak annual cycle of PBM concentrations with higher values during winter time. This increase could be attributed to higher fossil fuel burning during the cold season. Both model and observations indicate no diurnal cycle of PBM concentrations. GOM was strongly overestimated by a factor of 10 compared to observations. Generally, modeled GOM concentrations were in the same range as PBM concentrations. Measurements indicate very low GOM concentrations at Waldhof throughout the year with a mean of 1.3 pg/m 3 and a median concentration of 0.6 pg/m 3 . This is just slightly above the detection limit of 0.4 pg/m 3 of the three-hourly measurements. However, the GOM concentrations at Waldhof in 2009 were exceptionally low and average values in 2010 and 2011 went up to 3 pg/m 3 . Based on observations from aircraft measurements in the vicinity of a major coal-fired power plant, it was assumed that the current speciation profiles for oxidized mercury need to be adjusted. Furthermore, it was assumed that the oxidation of GEM does not directly produce PBM and thus PBM has been removed as a product in the models chemistry mechanism. Low GOM CMAQ-Hg runs with the described setup lead to better agreement of modeled and observed atmospheric GOM concentrations independent of the used meteorological fields. Besides, the model was now able to reproduce the diurnal cycle of GOM, which is subject to an increased chemical production during day time. Additionally, the variability of modeled hourly GOM (2.1) and PBM (13.8) concentrations showed an excellent agreement with the observed variability of these species (2.4 and 12.2). Finally, without the chemical production of PBM during summer, PBM was not overestimated by the model during this season anymore.
To evaluate the wet deposition modeled by CMAQ-Hg, the CTM was run with two alternative meteorological fields as input datasets. Firstly, the CCLM model was used. CCLM was generally underestimating precipitation in Europe. For several stations, the bias was up to −50 %. The missing precipitation in CCLM was attributed to strong precipitation events. Apart from this, CCLM was very adept at reproducing dry episodes and small precipitation events. This proved to be of high importance for the calculation of wet deposition fluxes. Secondly, the WRF model was utilized. The WRF dataset was much better in reproducing the annual total precipitation for 2009. However, the model often overestimated precipitation during dry episodes finally leading to too high wet deposition fluxes.
The comparison of modeled and observed precipitation averaged over different sampling intervals (monthly, weekly, daily) revealed that for the evaluation of wet deposition, a high-resolution dataset with at least daily precipitation measurements is of utmost importance. Looking at aggregated precipitation values, similar model results could lead to different deposition values and vice versa. Only a detailed analysis of daily precipitation totals and weekly deposition samples could give an insight into the mechanisms and interactions of the different input datasets and model parameters. At Waldhof, the CMAQ-Hg CCLM run, which underestimated the annual precipitation by 25 % was able to reproduce (4.4 μg/m 2 ) the observed wet deposition flux of 4.6 μg/m 2 . The CMAQ-Hg WRF run, which slightly overestimated the annual total precipitation by 9 % overestimated the deposition flux by more than a factor of 2 (10.9 μg/m 2 ). This proves the strong influence of the meteorological fields on modeled deposition values. Furthermore, a low annual bias was not necessarily linked to a low weekly error, indicating that the extinction of different errors can lead to a good modeled annual average value. This shows that because of the nonlinear nature of sub-cloud scavenging, it is not possible to evaluate modeled mercury wet deposition with precipitation measurements only. Generally, the low GOM CMAQ-Hg setup lead to a decrease of the weekly error of modeled wet deposition. More importantly, a combined analysis of the biases of precipitation and atmospheric concentrations was able to explain the bias of modeled wet deposition of mercury. The adjustment of modeled weekly depositions based on model biases of weekly precipitation and atmospheric concentrations could significantly increase correlation, bias, and error of the deposition fields. This was not possible with an adjustment based on only one of the two parameters. Hereby, the precipitation had the largest influence on the correlation and the atmospheric concentrations had the largest influence on bias and error. Finally, the modeled dry to wet deposition ratio with this model setup was in a similar range as ratios observed in the USA. No model comparison of dry depositions could be performed due to a lack of measurements.
